1. Introduction {#sec1}
===============

Thraustochytrids are unicellular marine and fungus-like heterotrophic protists within the clade Stramenopiles \[[@bib1]\], several strains of which are currently recognized for their high potential to produce polyunsaturated fatty acids (PUFAs) \[[@bib2]\], and some of them have also been adopted for commercial production of an omega-3 PUFA -- docosahexaenoic acid (C22:6, DHA) \[[@bib3]\]. As one of the major structural lipids, DHA can be found as a key constituent of phospholipids, triacylglycerols, and free fatty acids in vertebrate animals \[[@bib4]\]. Because of its myriad of benefits to human health \[[@bib5]\], DHA has received substantial attention as an important functional food component with high demand on the global market \[[@bib4],[@bib6]\]. Although fish oil is currently the major source of DHA, its supply is limited by the growing concerns over food security, the health of marine fish stocks, ecological disturbances from industrial fishing, and toxic impurities (PCBs, mercury, and dioxins) of some fish oils \[[@bib6], [@bib7], [@bib8]\]. Of the single-celled microorganisms, thraustochytrids are advantageous because of their fast heterotrophic growth, high DHA content, ability to produce toxins-free oils, and suitability in commercial-scale fermentation \[[@bib4],[@bib9]\].

DHA production by thraustochytrids, especially with some genera including *Schizochytrium*, *Thraustochytrium*, *Aurantiochytrium*, *Thraustochytriidae*, has been greatly improved in the last few decades \[[@bib10], [@bib11], [@bib12], [@bib13], [@bib14]\]. Several attempts have been made to optimize the growth conditions and media components for improving DHA production in strains that belong to these genera \[[@bib12],[@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21]\]. These attempts highlight optimization of fermentation conditions as the single most effective means to improve the production of DHA and suggest optimal culture conditions can vary significantly among interspecific and/or intraspecific strains. In addition, growth characteristics and lipid profiles are known to vary widely across different thraustochytrid strains isolated from a biogeographic range of habitats (e.g., mangroves, sub-tropical to temperate region coastal waters etc.) \[[@bib22], [@bib23], [@bib24]\]. For example, the strains from the genera *Aurantiochytrium*, *Schizochytrium*, *Thraustochytrium*, and *Ulkenia* showed different glucose utilization abilities and when grown on glycerol they yielded a different fatty acid composition of their lipids \[[@bib25]\].

To date, only 13 genera of thraustochytrids are known with about 30 described species \[[@bib26]\]; thus, our current understanding of the genetic and metabolic diversity of thraustochytrids is rudimentary. As one of the important marine bioresource, the isolation and characterization of better strains are now of prime importance that will expand our knowledge of their physiological responses to fermentation conditions. Nevertheless, much research is still needed to identify robust and efficient thraustochytrid strains for more economical commercial production of DHA. Because DHA production depends on several factors and their interactions including growth phase, culture mode, process conditions (e.g., pH, temperature, aeration etc.), and nutrition (e.g., carbon, nitrogen, phosphorous, medium supplements, etc.), it is thus essential that for each thraustochytrid strain, culture conditions are screened individually in order to derive the optimal process parameters that maximize their DHA yield.

In the present study, two thraustochytrid strains belonging to genera *Schizochytrium* and *Thraustochytriidae*, previously isolated from Shenzhen coastal waters of China \[[@bib24]\], with potential for DHA production were investigated in detail. The aim of this study was to elucidate the distinct characteristics of these strains underlying the accumulation of DHA and determine the extrinsic (nutritional and environmental) factors that regulate their DHA yields. We conducted a comprehensive investigation to ascertain how extrinsic factors (carbon and nitrogen sources, the concentration of substrates, salinity, KH~2~PO~4~, pH, temperature, agitation speed) influence cell biomass, total fatty acids (TFAs) and its composition, and DHA production. In addition, fed-batch fermentation in a 5-L bioreactor using the optimal culture conditions with dual oxygen supply strategy was conducted to validate the flask culture results.

2. Materials and methods {#sec2}
========================

2.1. Microorganism {#sec2.1}
------------------

*Schizochytrium* sp. PKU\#Mn4 (CGMCC 8091) and *Thraustochytriidae* sp. PKU\#Mn16 (CGMCC 8095) used in this study were previously isolated from mangrove of coastal waters in Shenzhen province \[[@bib24]\]. These two strains were maintained at 28 °C on modified Vishniac\'s (MV) medium (Vishniac, 1956) (glucose·H~2~O 10 g/L, peptone 1.5 g/L, yeast extract 0.1 g/L, 100% artificial seawater (ASW) and agar 20 g/L) and subcultured every 25 days. The growth and PUFAs production profiles of the two strains prior to optimization are shown in [Fig. S1](#appsec1){ref-type="sec"}.

2.2. Optimization of culture conditions {#sec2.2}
---------------------------------------

Nine growth parameters (carbon and nitrogen sources, temperature, pH, salinity, KH~2~PO~4~, agitation speed, carbon and nitrogen concentrations) were tested to evaluate their individual effect on the biomass and DHA production of PKU\#Mn4 and PKU\#Mn16. The carbon sources included glucose, glycerol, fructose, mannose, glucose-acetic acid, glucose-ethanol, glucose-citric acid, glucose-malic acid, glucose-potassium acetate, glycerol-citric acid, glycerol-malic acid, and glycerol-potassium acetate. The nitrogen sources were sodium glutamate, tryptone, peptone, yeast extract, peptone-yeast extract, ammonium sulfate, ammonium nitrate, and sodium nitrate. The range of best carbon source concentration was 5 g/L to 100 g/L while nitrogen concentrations were varied from 0.25 g/L to 10 g/L. The M4 medium (Jain et al., 2005) was used as the seed medium which contains glucose·H~2~O 20 g/L, peptone 1.5 g/L, yeast extract 1 g/L, KH~2~PO~4~ 0.25 g/L and 100% ASW. The fermentation medium employed in the one-factor-at-a-time (OFAT) experiments was designed by varying the M4 medium. The optimal carbon concentration was studied with the best carbon source (glycerol) and the optimal nitrogen concentration with the best carbon source (glycerol) and nitrogen source (yeast extract). The experimental conditions are provided in [Table S1](#appsec1){ref-type="sec"}.

For all experimental sets, the seed medium was incubated at 28 °C and 150 rpm. The seed inoculum was centrifuged and washed twice with sterile artificial seawater prior to culturing in 100 mL Erlenmeyer flasks containing 50 mL M4 medium for 96 h. All the experiments were conducted in triplicates.

2.3. Flask culture fermentation under optimal conditions {#sec2.3}
--------------------------------------------------------

Flask culture batch fermentation of the two strains followed by the OFAT experiments was performed to assess the growth, DHA production, and fatty acid composition of PKU\#Mn4 and PKU\#Mn16 under their optimal conditions. Flask culture was performed in 500 mL Erlenmeyer flasks containing 300 mL optimized medium for 96 h at 28 °C.

2.4. Bioreactor (5 L) performance {#sec2.4}
---------------------------------

For each of the two strains, fed-batch fermentation was performed in a 5 L fermenter (Model: SY-9000-V9, Shanghai Dong Ming Industrial Co. Ltd.) with working volume of 3 L at 28 °C for 8 days. The fermenter was equipped with DO and pH electrodes, temperature sensor, impeller, and air pump. The agitation speed was altered to maintain a dissolved oxygen (DO) level at 50% of saturation from day 0 to day 2 and then at 10% until the end of fermentation. A 24 h grown seed culture (300 mL) in the M4 medium was transferred to fermentation broth to make the final volume to 3 L. The initial fermentation medium was composed of 0.25 g/L KH~2~PO~4~ and 40% artificial seawater. The initial carbon and nitrogen for each strain were similar to their optimal medium composition. On each day 2 and 3, 100 mL feed medium accounting for 1/3 of the optimal glycerol and yeast-extract concentrations for DHA production was added to the 3 L culture broth. The culture broth was harvested at a regular interval of 24 h to determine the dry cell weight (DCW) and lipid production.

2.5. Analytical methods {#sec2.5}
-----------------------

At the end of each experiment, 15 mL broth was used to determine the DCW by gravimetric method. Thraustochytrid cells were harvested by centrifuging at 12,000 rpm for 5 min, washed twice with sterile distilled water, and then lyophilized for 48 h with a freeze-drying system (Christ, USA). The freeze-dried cells were stored at −20 °C for subsequent processing. Glycerol concentration was measured using a kit based on the enzymatic determination in a liquid sample (Applygen Technologies). Fatty acid methyl esters were prepared using the direct transesterification method \[[@bib27]\]. Freeze dried biomass (50--100 mg), 100 μL of 1 mg/mL internal standard (nonadecanoic acid, C19:0) solution, and 2 mL of 4% sulfuric acid in methanol were placed into 5 mL screw-top glass tubes. The acid catalyzed trans-esterification started at 80 °C water bath for 1 h. One mL water and 1 mL hexane were added to the mixtures at room temperature, vortexed and centrifuged at 4000 rpm for 2 min. The fatty acid methyl esters (FAME) in the hexane layer were collected and analyzed by a gas chromatography Agilent 7890B (Agilent, USA) equipped with a DB-WAX column (60 m × 320 μm × 0.15 μm). A sample volume of 1 μL was injected in split mode with the split ratio 50:1. Nitrogen was used as the carrier gas. The injection port temperature was set at 250 °C. The column temperature was set to 50 °C for 1 min followed by programming at 25 °C/min to 175 °C, 3 °C/min to 220 °C and held for 5 min, then 2 °C/min to 230 °C and held for 11 min. The FAME peaks were identified by comparing with retention times of the standard mixtures (Sigma-Aldrich, USA).

2.6. Statistical analysis {#sec2.6}
-------------------------

One-way analysis of variance (one-way ANOVA) and Duncan analysis was carried out to test the significance of different treatments on fermentation parameters using SPSS Statistic 19 software.

3. Results {#sec3}
==========

3.1. Effect of culture conditions on the growth and production of DHA {#sec3.1}
---------------------------------------------------------------------

The strains PKU\#Mn4 and PKU\#Mn16 reached the early stationary phase with concomitant PUFAs production when cultured for 72 h ([Fig. S1](#appsec1){ref-type="sec"}) under the initial growth conditions described in [Table S1](#appsec1){ref-type="sec"}. The effect of culture medium components including carbon and nitrogen sources, substrate concentration, KH~2~PO~4~, and salt concentration, at different levels, were evaluated for DHA production in flask culture ([Table S1](#appsec1){ref-type="sec"}). Of all the carbon and nitrogen sources tested, glycerol and yeast extract were best for PUFAs production ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}, [Table S2](#appsec1){ref-type="sec"}). Notably, both the strains yielded much higher growth and PUFAs production with organic nitrogen sources than with inorganic sources ([Table 1](#tbl1){ref-type="table"}). In addition, PKU\#Mn4 showed an increase in DHA production when the concentrations of glycerol and yeast extract were increased up to 40 g/L and 2.5 g/L, respectively ([Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}a, [Table S3](#appsec1){ref-type="sec"}). Comparatively, the strain PKU\#Mn16 could tolerate much higher concentration of glycerol than PKU\#Mn4, in growth and concomitant DHA production ([Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}b, [Table S3](#appsec1){ref-type="sec"}). Although high C/N ratio is known to enhance DHA production, high C/N ratio resulting from a decrease in yeast extract level did not increase the DHA production in both the strains. On the contrary, an increase of the C/N ratio by increasing glycerol level improved the DHA production ([Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}, [Table S3](#appsec1){ref-type="sec"}).Fig. 1Effects of various carbon sources on cell biomass, DHA and PUFAs production in the culture of (a) *Schizochytrium* PKU\#Mn4 and (b) *Thraustochytriidae* PKU\#Mn16.Fig. 1Fig. 2Effects of various nitrogen sources on DCW, DHA and PUFAs production in the culture of (a) *Schizochytrium* PKU\#Mn4 and (b) *Thraustochytriidae* PKU\#Mn16.Fig. 2Fig. 3Effects of varying yeast-extract concentrations on DCW, DHA and PUFAs production in the culture of (a) *Schizochytrium* PKU\#Mn4 and (b) *Thraustochytriidae* PKU\#Mn16.Fig. 3Fig. 4Effects of varying glycerol concentrations on DCW, DHA and PUFAs production in the culture of (a) *Schizochytrium* PKU\#Mn4 and (b) *Thraustochytriidae* PKU\#Mn16.Fig. 4Table 1Parameters with a significant effect (*P* \< 0.05) on cell biomass, PUFAs, and DHA production in cultures of *Schizochytrium* sp. PKU\#Mn4 and *Thraustochytriidae* sp. PKU\#Mn16. Data are analyzed by one-way analysis of variance (one-way ANOVA).Table 1*Schizochytrium* sp. PKU\#Mn4*Thraustochytriidae* PKU\#Mn16Cell biomass (g/L)Carbon sourceCarbon sourceNitrogen sourceNitrogen sourceGlycerol concentrationGlycerol concentrationYeast extract concentrationYeast extract concentrationpHpHsalinitysalinityTemperatureTemperatureAgitation speedPUFAs (g/L)Carbon sourceCarbon sourceNitrogen sourceNitrogen sourceGlycerol concentrationGlycerol concentrationYeast extract concentrationYeast extract concentrationpHAgitation speedsalinityKH~2~PO~4~TemperatureAgitation speedDHA (g/L)Carbon sourceCarbon sourceNitrogen sourceNitrogen sourceGlycerol concentrationGlycerol concentrationYeast extract concentrationYeast extract concentrationpHAgitation speedKH~2~PO~4~Temperature

The effect of KH~2~PO~4~ and salt concentration on cell biomass and DHA production was examined over a range of 0--0.8 g/L and 0 to 120% salt (% seawater), respectively. The production of PUFAs and DHA by PKU\#Mn4, but not by PKU\#Mn16, was significantly affected by KH~2~PO~4~, and the maximum production was achieved at 0.25 g/L of KH~2~PO~4~ ([Table 1](#tbl1){ref-type="table"}). Notably, PKU\#Mn4 exhibited distinct DHA yields in response to changes in KH~2~PO~4~ concentrations ([Fig. 5](#fig5){ref-type="fig"}a). Both the strains could grow well on a wide range of salinity (up to 120%) and their DHA yields varied within a range of 0.08--0.10 g/g biomass ([Fig. 5](#fig5){ref-type="fig"}b). Interestingly, even at low salt concentrations, both the strains presented a good potential for high DHA production.Fig. 5Effects of different process conditions (KH~2~PO~4~, salinity, temperature, initial pH, and agitation speed) on the DHA yields (Yp/x) in *Schizochytrium* PKU\#Mn4 and *Thraustochytriidae* PKU\#Mn16 cultures.Fig. 5

A variety of environmental conditions including temperature, pH, and agitation speed were separately tested on each strain. Among these conditions, pH and temperature showed significant impact on DHA fermentation by PKU\#Mn4 while only agitation speed affected DHA production in PKU\#Mn16 culture ([Table 1](#tbl1){ref-type="table"}). These results indicated high oxygen transfer rate as an important factor to enhance DHA production in PKU\#Mn16. Temperature changes resulted in different DHA yield profiles ([Fig. 5](#fig5){ref-type="fig"}c), and this seemed to be the most crucial controlling factor in industrial DHA fermentation using either of the two thraustochytrid strains. Although pH and agitation speed influenced DHA production ([Table 1](#tbl1){ref-type="table"}), it did not result in any significant change of DHA yields in the two strains ([Fig. 5](#fig5){ref-type="fig"}d and e).

Overall, the effect of carbon and nitrogen sources and their concentrations on the DHA fermentation by the two strains were similar. However, the effects of other fermentation conditions varied among the two strains. Notably, KH~2~PO~4~ concentration and temperature resulted in wide-ranging DHA yields compared to the other factors. Nevertheless, both the strains provided similar DHA yields when cultured within broad ranges of salinity, initial pH, and agitation speed and thus seemed better suited for industrial fermentation.

3.2. DHA production in flask culture under optimal conditions {#sec3.2}
-------------------------------------------------------------

The optimal conditions for DHA production in the two strains were 40--60 g/L glycerol, 2.5 g/L yeast extract, 0.25 g/L KH~2~PO~4~, 100% salinity, pH 6.47, 28 °C, and 150 rpm agitation speed. The results of flask (0.5 L) fermentation under the optimal conditions for both strains are presented in [Table 2](#tbl2){ref-type="table"}. At day 4, cell biomass of the two strains on glycerol was comparable (11.27 g/L and 10.75 g/L) and fatty acid profiles for 7 saturated fatty acids (SFAs) and 6 PUFAs were also similar. The major fatty acids produced by the two strains were palmitic acid (C16:0), docosapentaenoic acid (DPA, C22:5), and DHA, accounting for ca. 89% of the TFAs. The total PUFAs produced by PKU\#Mn4 and PKU\#Mn16 was 1.9 g/L and 2.7 g/L (57.5% and 58.8% of the TFAs), respectively. DHA production by PKU\#Mn4 and PKU\#Mn16 reached up to 1.61 g/L and 2.25 g/L with the yield (Y~p/x~) of 0.14 g/g and 0.21 g/g, respectively. Production of the second major PUFA, docosapentaenoic acid (C22:5ω6, DPA), reached 8.11% and 8.67% of TFAs in the two strains, respectively. By comparison, PKU\#Mn16 showed slightly higher production of fatty acids, including PUFAs and SFAs, than PKU\#Mn4 under their respective optimal medium and process conditions.Table 2Yield and fatty acids composition of lipids from *Schizochytrium* sp. PKU\#Mn4 and *Thraustochytriidae* sp. PKU\#Mn16 cultures grown for 96 h under optimal conditions in flask culture. The data are expressed as the mean ± standard deviation.Table 2Parameters*Schizochytrium* sp. PKU\#Mn4*Thraustochytriidae* sp. PKU\#Mn16DCW (g/L)11.27 ± 0.8810.75 ± 0.55DHA (g/g)0.14 ± 0.010.21 ± 0.02DHA (g/L)1.61 ± 0.042.25 ± 0.24PUFA (g/L)1.90 ± 0.042.70 ± 0.38C12:00.09 ± 0.010.10 ± 0.02C14:02.29 ± 0.121.20 ± 0.12C15:01.95 ± 0.112.55 ± 0.06C16:033.29 ± 0.1031.51 ± 0.93C17:00.20 ± 0.010.25 ± 0.04C18:00.85 ± 0.010.85 ± 0.01C18:30.14 ± 0.010.17 ± 0.02C20:00.11 ± 0.000.07 ± 0.00C21:00.33 ± 0.050.36 ± 0.06C20:30.45 ± 0.020.51 ± 0.11C20:40.15 ± 0.010.21 ± 0.01C20:50.12 ± 0.010.09 ± 0.01DPA (% of TFAs)8.11 ± 0.028.67 ± 0.02DHA (% of TFAs)48.52 ± 0.1949.19 ± 0.41Sum of PUFAs57.50 ± 1.7158.83 ± 1.59

3.3. Bioreactor DHA production {#sec3.3}
------------------------------

Fed-batch fermentation in a 5 L bench-top bioreactor with a working volume of 3 L was conducted to assess the applicability and reproducibility of the optimized medium and process conditions on a larger scale. The results of fed-batch bioreactor fermentation are presented in [Table 3](#tbl3){ref-type="table"} and [Fig. 6](#fig6){ref-type="fig"}. Maximum DHA production of 4.42 g/L and 3.78 g/L, respectively, were achieved at day 7 with PKU\#Mn4 and PKU\#Mn16, which were 3.4- and 2.8- fold greater than those under un-optimized conditions. The peak DHA yields (Y~p/x~) were 21.0% (day 7) and 18.9% (day 4), and peak DHA productivities were 27.6 mg/L-h (day 5) and 24.1 mg/L-h (day 4) in the two strains, respectively. The TFAs production reached up to 64.2% (day 7) and 48.3% (day 4) of biomass, constituting 41.8% (day 8) and 50.8% (day 7) as PUFAs, respectively. The glycerol consumption rate varied from 47.6 to 5038.6 mg/L-h and 249.2 to 3681.7 mg/L-h, respectively, and increased dramatically at the end of the fermentation process. Overall, the bioreactor fermentation results provided much higher production of DHA compared to the flask culture and demonstrated reproducible optimized process performance under dual oxygen control strategy.Fig. 6Time course of cell biomass, PUFAs, DHA, and DPA yields in the culture of (a) *Schizochytrium* sp. PKU\#Mn4 and (b) *Thraustochytriidae* sp. PKU\#Mn16 under optimal conditions in 5 L bioreactor fermentation. Arrows (blue) indicates the point of feed addition into the bioreactor.Fig. 6Table 3Time course of growth parameters in the 5-L bioreactor fed-batch fermentation process operated under optimal conditions.Table 3StrainTime (days)Biomass (X, g/L)Glycerol consumption rate (mg/L-h)TFAs (%Biomass)PUFAs (%TFAs)DHA (P, g/L)DHA (%Biomass)DHA (%TFAs)DHA productivity (mg/L-h)PKU[a](#tbl3fna){ref-type="table-fn"}Mn400.72 ± 0.12n.d20.21 ± 1.4432.81 ± 2.210.04 ± 0.015.59 ± 0.0527.73 ± 1.72n.d13.83 ± 0.2047.643.48 ± 3.6136.07 ± 0.540.50 ± 0.0213.10 ± 1.2830.11 ± 0.4320.86 ± 0.9326.77 ± 0.01678.258.71 ± 2.5036.43 ± 0.491.14 ± 0.0816.82 ± 1.1630.19 ± 0.4523.71 ± 1.6939.65 ± 0.37420.358.82 ± 2.2338.27 ± 1.431.75 ± 0.0518.20 ± 1.2431.70 ± 1.3424.35 ± 0.73413.85 ± 0.39124.359.77 ± 0.2037.28 ± 0.742.52 ± 0.0918.21 ± 0.1730.76 ± 0.6126.27 ± 0.97518.84 ± 1.28553.355.46 ± 0.1037.55 ± 0.493.31 ± 0.2917.56 ± 0.3531.02 ± 0.3627.59 ± 2.43620.09 ± 0.37209.960.79 ± 4.0938.91 ± 0.123.89 ± 0.2319.35 ± 1.2932.22 ± 0.0726.98 ± 1.57720.10 ± 1.495038.664.19 ± 1.7140.85 ± 1.404.22 ± 0.2921.03 ± 0.9133.85 ± 1.2225.14 ± 1.74819.05 ± 1.854846.661.42 ± 2.9441.84 ± 0.563.96 ± 0.2320.82 ± 1.1134.53 ± 0.4220.60 ± 1.17PKU[a](#tbl3fna){ref-type="table-fn"}Mn1600.59 ± 0.02n.d12.93 ± 0.3728.49 ± 0.120.02 ± 0.003.11 ± 0.0924.07 ± 0.02n.d14.72 ± 0.18378.629.29 ± 1.0241.49 ± 2.810.47 ± 0.009.99 ± 0.3334.14 ± 2.3219.65 ± 0.0926.28 ± 0.30608.142.62 ± 2.6446.77 ± 1.650.94 ± 0.0314.99 ± 0.7238.02 ± 1.6119.58 ± 0.69310.27 ± 0.781014.1742.81 ± 3.4148.39 ± 1.561.62 ± 0.0415.88 ± 1.4639.18 ± 1.3022.55 ± 0.53416.25 ± 0.30249.1848.31 ± 3.9850.45 ± 1.073.07 ± 0.2918.88 ± 1.7741.04 ± 0.9531.97 ± 3.07518.83 ± 0.61679.8243.23 ± 1.3549.88 ± 0.373.22 ± 0.0717.09 ± 0.6640.53 ± 0.3526.80 ± 0.62619.78 ± 1.15906.8044.68 ± 0.7750.76 ± 1.503.54 ± 0.1417.91 ± 0.7141.38 ± 1.3324.58 ± 0.97720.71 ± 0.681424.2645.62 ± 1.7250.78 ± 2.073.78 ± 0.1818.28 ± 1.3441.57 ± 1.9822.50 ± 1.09822.53 ± 1.733681.7040.96 ± 1.3949.99 ± 1.403.65 ± 0.2916.18 ± 0.2240.80 ± 1.2518.99 ± 1.49[^2]

4. Discussion {#sec4}
=============

For efficient production of DHA in thraustochytrids, screening of culture conditions that are generally species-specific is vital \[[@bib4]\]. We studied the effects of medium components and process conditions on the batch production of DHA using two isolated thraustochytrid strains, PKU\#Mn4 and PKU\#Mn16. The optimal medium composition and process conditions for the two strains were almost identical except for the concentration of glycerol. Of particular interest, PKU\#Mn16 showed promising DHA production even at the high glycerol concentration of 80 g/L. In comparison, PKU\#Mn4 was susceptible to substrate inhibition. This indicates that increased glycerol concentration does not necessarily increase its uptake rate and consumption even though glycerol enters the cell by facilitated diffusion \[[@bib28]\]. PKU\#Mn4 showed better glycerol utilization efficiency than PKU\#Mn16. As illustrated in [Table S4](#appsec1){ref-type="sec"}, several thraustochytrids strains have different capabilities in glycerol utilization and DHA production in batch fermentation under various culture conditions. Many studies used glycerol for DHA production in *Schizochytrium* spp., but not with *Thraustochytriidae* sp.; this is the first report of glycerol utilization by *Thraustochytriidae* sp. In our strains, biomass and DHA production were not very high probably due to the use of single carbon source for cell growth. Previous studies indicated that the use of mixed carbon sources (glucose and glycerol) and control of the dissolved oxygen level significantly improved the DHA production in thraustochytrid strains \[[@bib10],[@bib11],[@bib14],[@bib29]\]. In future studies, these two parameters should be carefully investigated in both the strains. Nevertheless, we obtained high DHA/TFAs percent comparable to those obtained by previously reported efficient strains \[[@bib9]\].

Apart from the concentration of carbon source, nitrogen limitation also enhances lipid yields in oleaginous microorganisms \[[@bib30]\]. The high carbon to nitrogen ratio in the culture medium is known to induce high cellular lipid content \[[@bib17],[@bib18],[@bib31]\]. Inorganic nitrogen may be used as a sole nitrogen source; yet, the addition of amino acids such as glutamate can improve biomass yield and lipid accumulation \[[@bib32]\]. Similarly, we found that the organic nitrogen sources are more effective than the inorganic nitrogen for higher cell biomass and DHA production. In our study, the initiation of the lipid accumulation is attributed to low levels of oxygen and limitation of nitrogen and phosphorous sources used. Generally, nitrogen limitation leads to a reduction in protein and nucleic acid synthesis and promotes the conversion of the carbon sources into storage lipids \[[@bib9]\]. The optimal C/N ratio of ca. 27 that yielded highest DHA content ([Table S3](#appsec1){ref-type="sec"}) in our study was in close agreement with Fan and Chen (2007).

Phosphorous is known to play a vital role in cell growth, nucleic acid formation, and the formation of phospholipid layer. Previous studies have shown that phosphorous, in the form of KH~2~PO~4~, could significantly increase DHA production when their level is increased, but optimal levels of KH~2~PO~4~ were different among thraustochytrid strains \[[@bib15],[@bib16]\]. For example, optimal KH~2~PO~4~ concentration for *Thraustochytrium roseum* ATCC 28210 was 0.2 g/L \[[@bib15]\]; in comparison, for *Schizochytrium limacinum* SR21 and Ulkenia sp. SAM 2179, the optimal concentration was 3 g/L \[[@bib16],[@bib33]\]. The optimal concentration for *Schizochytrium* sp. PKU\#Mn4 was 0.25 g/L which was in close agreement with the previous report on *Thraustochytrium roseum* ATCC 28210 \[[@bib15]\]. Notably, KH~2~PO~4~ did not show any effect on cell biomass and DHA yield in *Thraustochytriidae* sp. PKU\#Mn16. These results demonstrate the inconsistency of the optimal KH~2~PO~4~ for DHA production in different thraustochytrid strains and indicate the significance of screening culture conditions for each species and strain of thraustochytrids.

Several lines of evidence suggested the tolerance of thraustochytrid strains to a wide range of salinity of culture medium \[[@bib12],[@bib17],[@bib19],[@bib34],[@bib35]\]. Few reports have shown that a medium with 50% of seawater salinity is effective for defined medium \[[@bib4],[@bib21],[@bib36]\]; yet, some other studies found 100% of seawater as the optimal salinity for DHA production \[[@bib12],[@bib17]\]. In the present study, both the strains could grow over a wide range of salinity with concomitant DHA production and similar %PUFAs/TFAs and %DHA/TFAs. The ability of the two strains to grow and produce DHA even at low salinity may benefit the cost saving and quality control aspects of large-scale fermentation.

Although thraustochytrid strains grow over a wider range of temperature from 5 to 37 °C \[[@bib4]\], several studies have reported the temperature range of 25--30 °C as optimal for cell biomass and DHA production \[[@bib12],[@bib17],[@bib19],[@bib20],[@bib31],[@bib35],[@bib37]\]. Lower temperatures promote synthesis of PUFAs which increase cell membrane fluidity; therefore, higher DHA yield is observed at low temperatures but with reduced cell biomass. A similar phenomenon was noted with PKU\#Mn4: relatively higher DHA yield with lower biomass at the low temperature of 20 °C ([Fig. 5](#fig5){ref-type="fig"}c). However, temperature change did not significantly influence cell biomass and DHA production in PKU\#Mn16. Previous studies suggested that temperature effects on PUFAs and DHA yields along with their percentage in TFAs are different among thraustochytrid strains \[[@bib12],[@bib38]\]. We also confirmed that the two strains respond differently to temperature alteration ([Fig. 5](#fig5){ref-type="fig"}c). Thus, our results suggest that optimal temperature to obtain maximal DHA yield is 28 °C for the two strains.

The growth of the two strains was significantly influenced by pH change; yet, they generally tolerated a wide pH range of 4--8 that agreed with the previous reports \[[@bib35]\]. Of the two strains, PKU\#Mn4 showed an optimal growth and DHA production at pH 6.47, which was in close agreement with other studies that suggested optimal pH condition range of pH 6--7 \[[@bib4],[@bib12],[@bib19],[@bib21]\]. Although %DHA/TFAs varied between the two strains when cultured at different pH values, their %DHA/TFAs were relatively higher than the previously reported values \[[@bib12]\]. Notably, the PUFAs and DHA yields were not affected by the pH change in case of PKU\#Mn16 but rather significantly in PKU\#Mn4 ([Table 1](#tbl1){ref-type="table"}).

The agitation speed of culture flask modulates the mass transfer rates of oxygen and thereby influences the cell growth and lipid yield \[[@bib39]\]. Several studies have shown that oxygen is essential for the growth of thraustochytrids \[[@bib10],[@bib11],[@bib32]\]; yet, the role of oxygen on altering DHA yield in different thraustochytrid strains remains unclear. As facultative aerobes, thraustochytrids can grow under microaerobic and anaerobic conditions \[[@bib40],[@bib41]\]. The report on polyketide synthases (PKS) in *Schizochytrium* sp. provides clear evidence on the presence of an oxygen-independent pathway for fatty acid biosynthesis, in addition to the aerobic fatty acid synthase (FAS) pathway. Because of the PKS pathway, low level of oxygen (\<1%) after high aeration level was found to favor DHA production in some thraustochytrid species \[[@bib10],[@bib42],[@bib43]\]. Similar to these previous studies, we also observed a significant increase in DHA production when the DO level was set at 10% of saturation after an initially high level (50%) during the bioreactor fed-batch fermentation process. However, without a DO control during flask culture experiments, the strains displayed different behaviors when subjected to different agitation speeds. *Schizochytrium* sp. PKU\#Mn4 grew very well and also produced similar levels of DHA across all the agitation speeds. On the contrary, *Thraustochytriidae* sp. PKU\#Mn16 showed drastically reduced cell biomass and DHA production when the agitation speed was very low (100 rpm). The fact that *Schizochytrium* sp. PKU\#Mn4 was able to produce DHA at even low agitation speed suggests the involvement of an anaerobic PKS pathway. PKU\#Mn4 can be more advantageous in industrial fermentation since low agitation can reduce operation cost.

The high production of C16:0 fatty-acid (31.5--33.3% of TFAs) next to DHA by both the strains suggests their high potential as efficient organisms for biodiesel production. Similar relative C16:0 content were also reported in *Schizochytrium* sp. and *Thraustochytrium* sp. which were cultured on pure glycerol \[[@bib13]\]. The PUFAs profiles of thraustochytrid strains are generally simple when grown on glucose \[[@bib12]\] than on glycerol \[[@bib13],[@bib44]\]. In our study, both the strains cultured in glycerol medium produced high DHA relative to TFAs, and the DHA content is much higher than that of many previous studies \[[@bib12],[@bib13],[@bib44]\] or at the least similar to that of the most efficient strains \[[@bib9],[@bib45]\]. This suggests that, although not fully optimized for the DHA production, our strains have high biotechnological potential. In addition, we characterized the distinct physiologies of the two phylogenetically close strains to explore their potential for DHA production and speculated that phylogenetically related thraustochytrid strains occupy mostly similar physiological characteristics and DHA production potentials. Finally, the 5 L bioreactor fermentation conducted under the optimal conditions and with dual oxygen control strategy showed higher DHA production compared to the flask culture experiments, which was in close agreement with the previous studies \[[@bib12]\]. Nevertheless, further efforts to optimize the oxygen transfer rate with fermentation time \[[@bib11],[@bib43]\] should be undertaken in the future studies.

5. Conclusions {#sec5}
==============

*Schizochytrium* sp. PKU\#Mn4 and *Thraustochytriidae* sp. PKU\#Mn16 revealed different physiological responses to culture conditions. The optimal conditions were similar for these strains except for the glycerol concentration and yielded a high relative DHA content comparable to the best results in the mainstream literature. Although their lipid profiles were similar, PKU\#Mn4 showed potential in industrial fermentation. DHA production was enhanced in oxygen-controlled 5 L bioreactor fermentation. To date, our study is the first report of a detailed investigation of DHA fermentation conditions for two newly-isolated thraustochytrid strains. The findings are anticipated to provide the basis for further process design and scale-up.
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